Abstract: Simulation programs contain Computational Fluid Dynamics -CFD codes and are a useful tool used for gas flow through porous materials. Conducting numerical simulations allows for detailed analysis of hydrodynamic phenomena. The results of numerical modeling should always be verifiable based on experimental data. Only their compliance with the results of experimental tests is a determinant of the correctness of the applied method. As part of the work, experimental studies of hydrodynamics of gas flow through an isotropic porous material were carried out and numerical simulation for material of the same shape was used. In the CFD modeling Kolmogorov's hypothesis for the transport of kinetic energy of turbulence k and transport of dissipation rate of kinetic energy of turbulence ε was used.
Introduction
As a principle, theoretical considerations with regard to the gas flow through porous media are based on the models of flow through axial microchannels, capillaries by application of the laws pertaining to flows, including Poiseuille'a law -as well as the indications of the pressure drop applying simplifying assumptions. However, in each case, the models are based on the quantities describing the physical characteristics of the porous medium, such as: shape of pores, their size and arrangement and bed permeability.
The motion of a viscous fluid is described by the Navier-Stokes -N-S equations (1÷3)
which along auxiliary equations (4÷5) and the continuity equation (6) 
whereas the vector Hamilton (4) and Laplace (5) operators take the form The continuity equation (6) :
By adopting the Reynolds hypothesis which offers the notation of the components of the velocity vector (7) and pressure field (8) as the scalar totals of the averaged values, we obtain:
Depending on the particular needs and the type of the investigated problem, e.g. incompressible and compressible fluid, there are different ways in which the averaging of this system of equations is performed. Although the numerical solutions need to apply a very thick mesh discretization with regard to the examined flow area, the up-to-date computer techniques provide solutions to the problems which are a few orders of magnitude smaller from the requirements of the current engineering practice. As a consequence, the applied calculation models require considerably smaller network discretization.
Most commonly this objective applies equations averaged over time or space, suitably to the method based on the Reynolds hypothesis, as for instance based on the k-ε, model or a small scale approximation methods suited to model Large Eddy Simulation -LES. The averaging of the velocity profile in time leads to the derivation of Reynolds equations expressing the law of the conservation of momentum in averaged turbulent flow [2] .
The reason for the application of the models of the turbulent motion -which area usually more complex than the clear N-S model is associated with the scale problem which needs to be solved for the case of the gas flow, as it is schematically described in Fig. 1 . Under the assumption that a fluid has homogenous and incompressible properties ρ=const., η=const., averaging over time gives (9) :
by application of the continuity equations (6) , this leads to the Reynolds hypothesis (7÷8) this leads to an equation which relates the mean values of the components of the velocity vector A compromise in these circumstances can be sought in the application of the k-ε model. It was first proposed by Chou [3] , and further modified on multiple occasions [4] ; hence, it is We can note here that another model in the RANS group, namely k-ω model, also forms a model of the transport of the kinetic energy of turbulence k, which in this case is linked to the vorticity ω. In this case, the system consists of two equations. However, its application with regard to various types of flows does not offer satisfactory solutions due to the adoption of an assumption regarding the scalar nature of the vortex viscosity [6] .
Materials and metod
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The apparent density ϑpoz of the porous material was determined by measuring the total volume of the Vpr sample (by immersing it into water) and its mass, which in this case corresponds to the mass of the solid body mpr=mst. Definition (16):
The absolute porosity of the porous material Ψb is calculated on the basis of the quotient of the free volume Vswo and the total volume of the sample Vpr. Following some relevant transformations this definition may be as follows (17):
Determined for porosity rate ψ that, on the other hand, characterises a density degree of the porous medium [7] . Definition (18):
The parameters determined for the tested materials (samples) are set forth in Table 1 together with sample numbers and average values of those parameters.
Table 1
Characteristic of research material
In Table 1 contains a characteristic of sample of porous material, along with the information regarding the multiple of the volume of the cube-shaped sample with the dimensions of 20×20×20 mm.
Experimental research
To obtain the research objective, the detailed experimental tests were conducted to assess the gas permeability of porous material.
The measurement system - Fig. 3 -was applied to test the permeability of tests were conducted on cubic-shaped samples. In this system the gas flow was always directed with respect to the arbitrarily selected solid axis X, Y, Z. In each case, gas flew through the sample in the free-pressure regime, the reference pressure in the pressure reducing valve was (0.04÷0.16) MPa and gas freely outflew. Air was taken from the compressed air system at the reference temperature of 18 0 C. The decline in pressure in a specific measurement system was measured with differential pressure manometers installed in the stream measurement system at the gas inlet to the material sample. The gas stream was measured with flota-controlled rotameters scaled with the bellows gas meter before conducting the tests. All the results of the gas stream measurements were referred to normal conditions (293 K, 1013 hPa). Fig. 3 . Scheme of measurement system for porous material permeability tests for directed gas flow: 1 -porous material (sample), 2 -differential pressure manometer, 3 -rotameter (3a-bubble flowmeter), 4 -pressure redactors, 5 -control valve, P -manometer, Tthermometer.
The measurement system, more strictly the construction of the permeability meter [8] employed in the directed gas flow along the selected sample's axis X, Y, and Z, used for the cubic-shaped samples, is described in Fig. 4 . This permeability meter [8] is designed for testing the permeability of samples in the form of a cubic solid in any direction of its axis, which is possible by applying a special sealing system of the measuring cell that enables measuring the permeability towards any direction X, Y, Z of the location of the measurement sample in the measurement system according to the scheme as shown in Fig. 3 .
The scheme of this measurement cell together with the marking of the sealing material and the measurement sample is shown in Fig. 5 . 
Numerical research
Regardless of the method that is applied, the numerical calculations need to involve the derivation of a geometrical representation of the modeled object. In ANSYS Fluent, this is performed in the DesignModeler module [9] .
The numerical network should fitfully reproduce the entire area occupied by gas by ensuring an adequate fineness ratio of the microchannel shape and its volume so as to consider it as a single computing cell. In this, it is necessary to ensure that a compromise is sought between the level of detail and the number of nodes in the numerical network, which affects the calculation time.
The network generation involves the discretization of the model space, i.e. the description how it can be divided into finite elements, which define the so called control volume. Each element of the larger whole expressed by the geometry forms a space in which gas flow is balanced in accordance with the equations defining the preservation of mass, momentum and energy. In the literature in the field [10] , it is stressed that the numerical network forms one of the most important aspects of the model development, since its density determines the precision of the calculations and time needed to establish a solution. This network should also assume the greatest density in the areas in which the exchange processes should occur, such as the occurrence of turbulent motion and abrupt change in the flow directions.
The network generation applies a dedicated module named Mesh in the ANSYS Fluent
program. This software is applied for the data preparation and gaining numerical solutions to complex issues in the area of gas transport as a result of Solver Preference module in Fluent.
The accuracy of the output is basically relative to the adequate method selection -in this case it is Insert Method. In this procedure, it is valuable to select the Sweep calculation option, as this affects the structure of the elements forming the grid during its generation with regard to the microchannel.
The standard k-ε model requires the application of considerably smaller discretization networks, as equations (1÷3) N-S averaged in time are applied in this case. The averaging n time of the velocity field leads to the statement of the Reynolds equation, given that (19):
The number of nodal points on an adequate spatial network should in this case be proportional to Re 9/4 , which results from the statistical theory of the turbulent motion [11, 2] .
Results and discusion

Experimental assesment
A reference point to the assessment of hydrodynamics of gas flow through a porous material was a porous polyamide comprising the agglomerate of spherical particles with identical dimensions, about 0.1 mm diameter. This material has the absolute porosity of 32% Table 1 and its structure is similar to the rhombus-shaped system.
To obtain the research objective, the detailed experimental tests were conducted to assess the gas permeability of skeletal material porous by using air as a working medium Table 2 .
Table 2
Test of research material.
The distribution of the experimental points shown in Fig. 6 proves that the permeability characteristics of this material do not practically depend on a direction of the gas flow, which proves the symmetrical structure of its construction and isotropic properties. Interestingly, for the porous polyamide, the permeability characteristics are nonlinear in nature, which in the range of measurements indicates the predominance of turbulent gas flow over its laminar flow. 
Numerical assesment
The characteristic type of polyamide material is shown in Fig.7 , which in its structure is representative of the microchannels forming the orthogonal network -typical for polyamide sinter.
The network model of the geometry of gas flow forms the structural equivalent to these materials, as it represents the structure and porosity of the materials in question. The porous sinter (polyamide) demonstrating the characteristics of isotropy Fig. 6 forms in this respect a practical model of the porous material whose equivalent number for a sample volume with the cubic shape is equal to n=1 Table 1 . In addition, a porous medium characterized by a porous structure Fig. 7a is repeatable in terms of its layout of all its components, which leads to the conclusion about repetitive geometry of the calculation network along its entire volume. . The boundary condition for the outlet pressure was adopted to be given by the static pressure.
The results of the calculations regarding pressure variations accompanying gas flow through a structural cube-shaped system are presented in Fig. 10a . The same calculation criteria were applied for the description of the velocity field, and the results are presented in Fig. 10b . For a specimen with the multiple volumes, the results are presented in Fig. 11 for analogy purposes. In each of these cases, we obtain a correct set of calculation results, which indicates that the adopted methodology of modeling the geometric structure of porous materials is a correct one.
The summary of the results, yet referring to the comparison of the results of the numerical and experimental data, is presented in Fig. 12 . The results of the numerical studies -which are related to the mean structure of these materials -offer a suitable characteristic of the conditions resulting from the hydrodynamics of the gas flow through a porous bed. The tendency to note variations in the permeability function that was observed -for a constant geometric network represented by the velocity of the gas flow offers a considerable degree of repeatability is does not present distinct results from the ones gained from the experiment.
The lower results gained from the experiment for the case of polyamide Fig.12 are undoubtedly associated with the imperfections of the structure of this material, formed by sintered material with a cube-shaped structure, as it comprises a large number of defects in the capillary flow channel, which result from the characteristics of the sintering process. This could lead to formation of an asymmetric structure, which was not accounted for in the numerical calculations. The analysis of the results presented in Fig. 12 also leads to the statement that for each type of material, there must be a boundary range of gas velocities for which the pressure drop assumes the lowest value for around 1 ms -1 for polyamide. This distinction is undoubtedly associated with the diverse structure of these materials. The results confirm the correctness of the adopted calculation methodology and provide an opportunity to assess the hydrodynamics of gas flow through the porous structures.
This study can form a considerable contribution to the validation of the results of testing performed in the conditions of actual porous beds.
Conclusion
Experimental research has proven that a porous sintered polyamide is an isotropic material. The results of numerical simulations enabled the quantitative analysis of hydrodynamics of gas flow through the structure of orthogonal micrograns. Compatibility of calculations with experimental data is a prerequisite for the application of the CFD method in studies of hydrodynamic phenomena, taking into account Kolmogorov's hypothesis. 
